cRNA spanning the last 47 rat VEGF codons (which are shared among most VEGF RNA splice-variants); Ang1, a 773-nt cRNA spanning the last 257 codons of mouse Ang1 cDNA; and Ang2, a 315-nt cRNA spanning codons 380 to 485 in rat Ang2 cDNA. 29 . To obtain staged ovulating ovarian tissue, we injected immature (postnatal day 29) female Sprague-Dawley rats ( Zivic-Miller) with 5 U of pregnant mare serum gonadotropin (Calbiochem). Rats were killed and ovaries were surgically removed beginning at 56 hours after injection and at 9-to 32-hour intervals thereafter. 30. We thank L. S. Schleifer and P. R. Vagelos for enthusiastic support; M. Goldfarb, M. Wang, R. Rossman, D. Datta, Y. Qing, T. Schlaeger, J. Lawitts, and J. Bruno for their contributions; J. Springhorn for HUCEC cells; and C. Murphy, E. Hubel, C. Rudowsky, and E. Burrows for graphics work. T.N.S. was partly supported by Hoffmann-LaRoche Inc.
7 March 1997; accepted 13 May 1997 Crystal Structure of the Cytochrome bc 1 Complex from Bovine Heart Mitochondria Di Xia, Chang-An Yu, Hoeon Kim, Jia-Zhi Xia, Anatoly M. Kachurin, Li Zhang, Linda Yu, Johann Deisenhofer* On the basis of x-ray diffraction data to a resolution of 2.9 angstroms, atomic models of most protein components of the bovine cytochrome bc 1 complex were built, including core 1, core 2, cytochrome b, subunit 6, subunit 7, a carboxyl-terminal fragment of cytochrome c 1 , and an amino-terminal fragment of the iron-sulfur protein. The positions of the four iron centers within the bc 1 complex and the binding sites of the two specific respiratory inhibitors antimycin A and myxothiazol were identified. The membranespanning region of each bc 1 complex monomer consists of 13 transmembrane helices, eight of which belong to cytochrome b. Closely interacting monomers are arranged as symmetric dimers and form cavities through which the inhibitor binding pockets can be accessed. The proteins core 1 and core 2 are structurally similar to each other and consist of two domains of roughly equal size and identical folding topology.
Ubiquinol-cytochrome c oxidoreductase
(bc 1 complex) is a component of the eukaryotic or bacterial respiratory chain and of the photosynthetic apparatus in purple bacteria. In mitochondria, this enzyme catalyzes electron transfer from ubiquinol to cytochrome c, which is coupled to the translocation of protons across the mitochondrial inner membrane from the matrix space (negative or N side) to the intermembrane space (positive or P side). Thus, bc 1 contributes to the electrochemical proton gradient that drives adenosine triphosphate (ATP) synthesis (1) . The purified mitochondrial bc 1 complex contains 11 protein subunits (2, 3) ; it consists of 2165 amino acid residues and four prosthetic groups with a total molecular mass of 248 kD. The amino acid sequences of all subunits are known; some of them were determined by peptide sequencing (4) and others were deduced from nucleotide sequences (5) . The essential redox components of bc 1 are the two b-type hemes b L (also called b 565 ) and b H (b 562 ), one c-type heme (c 1 ), one highpotential iron-sulfur cluster (2Fe-2S Rieske center), and ubiquinone.
On the basis of functional data (1), the proton-motive Q cycle has been favored as a model for bc 1 function (6). The key feature of the model is that there are two separate ubiquinone or ubiquinol binding sites; ubiquinol is oxidized at site Q o , near the P side of the inner mitochondrial membrane, and ubiquinone is reduced at site Q i , near the N side of the membrane. According to the Q cycle model, one electron is transferred from ubiquinol to the Rieske iron-sulfur center, and subsequently to cytochrome c 1 and cytochrome c. The newly generated reactive ubisemiquinone then reduces the low-potential cytochrome b heme (b L ). The reduced b L rapidly transfers an electron to the high-potential cytochrome b heme (b H ), which is located near the opposite side of the membrane. A ubiquinone or ubisemiquinone bound at the Q i site then oxidizes the reduced b H . Proton translocation is the result of deprotonation of ubiquinol at the Q o site and protonation of the reduced ubiquinone at the Q i site. Ubiquinol generated at the Q i site is reoxidized at the Q o site. The Q cycle mechanism is supported by experimental evidence for the oxidant-induced reduction of cytochrome b (7), the existence of antimycin-sensitive and -insensitive transient ubisemiquinone radicals (8) , the ejection of two protons per electron transfer in bc 1 complexes from many sources (9) , and the binding of specific inhibitors to sites Q i or Q o .
In addition to the redox-active components, mitochondrial bc 1 complexes also carry two so-called core proteins, which are not present in bacterial bc 1 complexes and therefore have long been assumed to have structural rather than functional roles. Stable mitochondrial bc 1 cannot be obtained in the absence of the core proteins, whose presence may contribute to the increased stability and higher activity of mitochondrial as compared to bacterial bc 1 complexes.
To better understand the architecture and the reaction mechanisms of the bc 1 complex, we need a detailed atomic model. Recently, bc 1 from bovine heart mitochondria has been crystallized (10, 11) . We now report the first results of our x-ray crystallographic studies of this complex; we emphasize general features and the location of the redox centers as well as the structures of cytochrome b and of the core proteins, and discuss functional implications.
Structure determination and overview. The bovine bc 1 complex was purified and crystallized as described (11, 12) . The crystals have the symmetry of space group I4 1 22 with unit cell dimensions of a ϭ b ϭ 153.5 Å and c ϭ 597.7 Å, and one bc 1 monomer in the crystallographic asymmetric unit; each monomer consists of 11 different subunits (13) . The best bc 1 crystals diffracted x-rays to 2.9 Å, but loss of high-resolution diffraction indicated considerable radiation damage within a few minutes of exposure at room temperature. Crystals flush-frozen with liquid propane at high concentrations of glycerol maintained their diffraction quality and permitted data collection at beamline X12B of the National Synchrotron Light Source (NSLS) for at least 12 hours without significant decay. Frozen crystals diffracted to 2.6 Å at the highbrilliance beamline BL-4 of the European Synchrotron Radiation Facility (ESRF) but suffered significant radiation damage within less than 1 hour of exposure. Crystals grown in the presence of the respiratory inhibitors antimycin A and myxothiazol were isomorphous with native crystals and were similar in diffraction quality and radiation sensitivity.
We collected two native data sets, one at 1.5 Å and another at 1.74 Å, which is the iron atom absorption edge in the crystal (14) . For phase determination by multiple isomorphous replacement (MIR) (15), we used seven derivative data sets and contributions from the anomalous scattering of the iron atoms from both native and derivative crystals (Table 1) . Density modification, which was done taking advantage of the 65% solvent content in the crystals, improved the quality of the electron density maps and permitted chain tracing and polyalanine model building in most of the core and transmembrane regions of the molecule. We further refined the heavy-atom parameters using phases after density modification, and then combined the new MIR phases with phase information from partial polyalanine models to calculate a new map. This procedure was executed iteratively, with each cycle producing a better electron density map. The phase information thus obtained was used to calculate difference maps and anomalous difference maps, giving locations of bound inhibitors and of the iron atoms in the crystal.
On the basis of the electron density map at 2.9 Å resolution, we could assign amino acid sequences to the following protein components of the bc 1 complex: core 1 (445 residues), core 2 (420 residues), cytochrome b (378 residues), subunit 6 (103 residues), subunit 7 (70 residues), parts of cytochrome c 1 (60 of 241 residues), and, tentatively, parts of the iron-sulfur protein (ISP) (62 of 196 residues). Including additional polyalanine models, we have been able to build nearly 1900 residues (about 14,000 non-hydrogen atoms); these ac- Table 1 . Summary of data collection, data statistics, and MIR phasing. Large cell dimensions and weak diffraction of bc 1 complex crystals made data collection with laboratory x-ray sources impractical. All diffraction data were collected on imaging plates at synchrotrons. The images were indexed and reflections were integrated, scaled, and postrefined with the programs DENZO and SCALEPACK (35) . Screening for possible heavyatom derivatives yielded two derivatives with good phasing powers and Cullis R factors and five derivatives with medium phasing powers and Cullis R factors. Programs from the CCP4 package (36) were used for merging and scaling heavy-atom derivative data with native data (programs MTZUTILS and SCALEIT ), difference-Patterson calculations (program FFT ), and heavy-atom parameter refinement (program MLPHARE). Density modification on the MIR map was performed with the program DM (37) , and the program SIGMAA (38) was used in phase combination. Atomic models were built with the program O (39). Details of the exact structure remain to be determined by crystallographic refinement. R merge ϭ ⌺(ԽI -͗I͘Խ)/⌺(I ); ͗I/͘, mean intensity-mean rmsd ratio; ͗PP͘, mean phasing power; ͗R c ͘, mean Cullis R factor.
Sites ( count for about 86% of all the residues in the bc 1 complex (Fig. 1A) . Biochemical studies (3) defined the location of the bc 1 subunits with respect to the mitochondrial inner membrane. Accordingly, more than half of the molecular mass of the complex, and also its widest part, extends 75 Å from the membrane-spanning region into the mitochondrial matrix (Fig.  1B) . This region consists primarily of core 1, core 2, subunit 6, part of subunit 7, and further unassigned electron density. On the opposite side of the membrane-spanning region, major parts of both cytochrome c 1 and the ISP extend 38 Å into the intermembrane space. The membrane-spanning region itself is ϳ42 Å thick with 13 transmembrane helices in each bc 1 monomer.
Two bc 1 complex monomers interact in the crystal to form a dimer around a crystallographic twofold symmetry axis (Fig.  1B) . The dimeric bc 1 complex is pearshaped with a maximal diameter of 130 Å and a height of 155 Å, similar to the dimensions observed by electron microscopic studies (16) . The core 2 and cytochrome b subunits contribute major dimer interactions across the twofold symmetry axis. Subunit 6 interacts with cytochrome b of one monomer and with core 1 and core 2 of the other monomer. The dimeric form of bc 1 has been observed by chromatography and by electron microscopy. It is unknown whether the monomers in the bc 1 dimer cooperate (17) . A monomeric form of the bc 1 complex has been isolated in the presence of a high concentration of detergents (17) , but under the conditions of activity assays the complex is most likely in the dimeric state.
In the crystal, the transmembrane regions of neighboring molecules form planes normal to the crystallographic 4 1 axis, stacked on top of each other with alternating orientations of dimeric bc 1 complexes. Most crystal contacts are made by the core 2 subunits in the matrix regions of the molecule, with a few additional contacts by the transmembrane helix region; no contacts are made by the proteins that extend into the intermembrane space. This distribution of crystal contacts between bc 1 dimers is correlated with (and could be in part responsible for) the nonuniform quality Table  2 ). The twofold symmetry axis of the bc 1 dimer (purple line) runs in the plane of the diagram. (B) View perpendicular to the membrane plane.
SCIENCE ⅐ VOL. 277 ⅐ 4 JULY 1997 ⅐ www.sciencemag.org of the electron density; the quality is highest for the matrix region and lowest for the intermembrane space region, and could reflect differences in crystalline order between these regions.
The model for the extramembrane regions of cytochrome c 1 is in several fragments; only the sequence of the COOHterminal transmembrane helix has been assigned. Part of the uninterpreted electron density near the c 1 heme may belong to subunit 8, which mediates the contact between cytochrome c 1 and cytochrome c. Despite the compact and rigid structure of the extramembrane domain of the ISP (18), the electron density for this domain is particularly poor, indicating that the subunit is highly mobile in the crystal. Mobility could be a functional requirement for electron transfer and might be decreased upon binding of some inhibitors.
Redox centers and inhibitor binding sites. A difference map based on the anomalous scattering effect in the diffraction data from native crystals showed four strong peaks in the crystallographic asymmetric unit, which were at least eight standard deviations above the mean values of the electron density maps (Fig. 2, A and B) . When the x-ray wavelength used in the data collection was shifted to the absorption edge of the iron atoms in the crystal, the heights of these peaks increased, although the noise remained unchanged (Table 2), which indicated that the anomalous scattering signal did indeed come from the iron atoms in the bc 1 crystal (as we assumed). Two of these peaks are located in the transmembrane region, one near the matrix (N side) surface and one near the intermembrane space (P side) surface; the other two peaks reside in the intermembrane space region. On the basis of known biochemical and biophysical data (19) (20) (21) (22) , we assigned the two peaks inside the membrane to heme irons of b L and b H , respectively, with b L closer to the P side. One peak in the intermembrane space lies near the P-side membrane surface and most likely represents the iron-sulfur cluster, because it is closer to b L . The remaining peak must be the heme iron of cytochrome c 1 .
The assignment of the iron sites was further supported by binding studies with two specific inhibitors (Fig. 2, A and B) . Antimycin A specifically blocks electron flow from heme b H to ubiquinone. In the difference density map between antimycin A-bound and native crystals, a well-defined feature with the shape of antimycin A appeared in a pocket in the transmembrane region of cytochrome b next to the b H iron site (Figs. 2 and 3A) . There is also extended negative density close to the density of antimycin A, which could represent part of a ubiquinone molecule that is bound in the native crystal but is displaced by bound antimycin A. This suggests that the antimycin A binding site partly overlaps the quinone reduction site Q i . Mutations in cytochrome b that influence the Q i site involve residues lining the wall of the antimycin A binding pocket (23) .
Myxothiazol stops the electron flow from ubiquinol to the iron-sulfur center, and, indirectly, also to b L . The difference map between myxothiazol-bound and native crystals showed a well-fitting density in a pocket within cytochrome b, midway between the iron positions of b L and the iron-sulfur center (Figs. 2 and 3B ). The myxothiazol binding pocket is underneath the cd helices of cytochrome b, and mutations in these helices lead to a loss of quinol oxidation (23) . Thus, the myxothiazol binding site is likely to be the quinol oxidation site Q o of the bc 1 complex. Unlike the Q i site, this site is not in direct contact with either the b L heme or the iron-sulfur cluster; it is surrounded by aromatic residues that could mediate electron transfer. 
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www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 277 ⅐ 4 JULY 1997 The distances between heme irons in b H , b L , c 1 , and the iron-sulfur cluster (IS) are listed in Table 2 . The angle IS-b L -b H is 95°, the angle c 1 -IS-b L is 61°, and the angle c 1 -b L -b H is 155°. The distance of 21 Å between the two b-type hemes inside the membrane is in good agreement with the prediction of 22 Å from the distance between the putative heme ligands in the primary sequence (19) and of the spin relaxation of b H and b L in electron paramagnetic resonance (EPR) studies (21) . The distance of 31 Å between the iron-sulfur cluster and the c 1 heme iron is longer than that expected for the observed high electron transfer rate (24, 25) . This distance could be bridged by protein chains between the two centers, a major conformational change between oxidized and reduced forms of the ISP, or both. The position of the cytochrome b heme pair inside the membrane is generally in agreement with conclusions drawn from electrochromic (20) , EPR (26, 27) , and induced potential measurements (22) . Some of the distances between iron atoms in different monomers of the dimer, especially between the two b L 's and b H 's, are as short as the distances within one bc 1 monomer ( Fig. 2A and Table 2 ) and appear short enough to allow electron transfer.
Membrane-spanning region and cytochrome b. There are 13 membrane-spanning helices in the bc 1 monomer structure (Fig. 4, A and B) ; most of them are tilted with respect to the plane of the membrane. Eight helices, labeled A to H, belong to cytochrome b (Fig. 4C) ; of the five others, one is the COOH-terminal membrane anchor of cytochrome c 1 , one is the COOHterminal helix of subunit 7, and one is probably the NH 2 -terminal membrane anchor of the ISP. The remaining two transmembrane helices are still unassigned; they must belong to subunits 9, 10, or 11. In the bc 1 dimer, the 16 transmembrane helices (8 for each cytochrome b) form the core of the transmembrane helix region, with the other 10 transmembrane helices bound to the periphery. Viewed from either side of the membrane, the overall shape of the bc 1 dimer's transmembrane helix region is approximately elliptical, with long and short axes of ϳ90 Å and 80 Å, respectively (Fig.  4, A and B) .
Both the NH 2 -and COOH-termini of the cytochrome b subunit are located in the mitochondrial matrix. The eight transmembrane helices of the cytochrome b subunit are approximately where predicted from hydropathy analysis of the primary sequence and from mutagenesis studies (28) . They associate into two groups, with helices A, B, C, D, and E in one group and helices F, G, and H in the other (Fig. 4C) . The two groups are in close contact on the matrix side and are separated on the intermembrane space side (Fig. 4, A and B) . The two b-type hemes are bound within the fourhelix bundle made by helices A, B, C, and D. The axial ligands of both hemes are histidines, as predicted (29) (Fig. 1A) . These histidines, located in transmembrane helices B and D, are absolutely invariant in the sequences of b-type cytochromes from more than 900 different species (19) . Other invariant residues, as well as the sites of inhibitor-resistant mutations (19) in cytochrome b, surround the binding sites of myxothiazol and antimycin A.
Topographically, cytochrome b is a rather simple molecule: Four long loops (AB, CD, DE, and EF) and three short loops (BC, FG, and GH) connect the eight transmembrane helices of cytochrome b. The DE loop is on the matrix side, and the other three long loops are on SCIENCE ⅐ VOL. 277 ⅐ 4 JULY 1997 ⅐ www.sciencemag.org the intermembrane space side of the membrane. The AB and EF loops each contain one helix. The CD loop has two short helices, named cd1 and cd2, which form a hairpin structure. The extramembrane helices run along the membrane surface, except for helix ef, which is buried inside the membrane. The DE loop does not have any regular secondary structure. The bc 1 dimer has two large cavities related by the twofold symmetry (Fig. 4, A  and B) , which are accessible from the membrane bilayer through narrow entrances. The cavities are made of the transmembrane helices D, C, F, and H from one cytochrome b monomer and DЈ and EЈ from the other monomer, along with the transmembrane helices of c 1 , ISP, and two unassigned helices (Fig. 4, A and B) . The Q i pocket of one monomer and the Q o pocket of the other monomer are accessible through the same cavity. We assume that molecules such as ubiquinol, antimycin A, or myxothiazol can reach their binding sites in the enzyme through these cavities, and that ubiquinol made at the Q i site can proceed to the nearby Q o site of the other monomer without having to leave the bc 1 complex. The cavities appear tightly sealed toward the intermembrane space by the surface helices cd1 and cd2 of cytochrome b, but they are solvent-accessible from the matrix side through a channel between core 1, core 2, and subunit 6. This arrangement allows proton uptake at the Q i site from the matrix and prevents leakage of protons through the bc 1 complex.
Matrix region and core proteins. More than half of the total molecular mass of the bc 1 complex, including the two core proteins, is in the matrix region (16, (19) (20) (21) (22) . Subunit 7 contributes to both the matrix and transmembrane regions. The COOHterminal 50 residues of subunit 7 form a long, bent transmembrane helix, and the NH 2 -terminal part associates with the core 1 protein as part of a ␤ sheet, serving as one of the membrane anchors for the subunits in the matrix region (Fig. 1B) . Subunit 6 consists of four helices and connecting loops. It is attached on the matrix side to exposed residues of helices F, G, and H of cytochrome b of one monomer, and it contacts core 1 and core 2 of the other monomer. It has been suggested that this subunit is involved in proton translocation across the inner mitochondrial membrane (30) , but from our current model it is not obvious how it could serve that function.
The core 1 and core 2 subunits are synthesized in the cytosol as precursor proteins of 480 and 453 amino acid residues, respectively; proteolytic processing in the mitochondrial matrix removes 34 residues from the NH 2 -terminus of core 1 and 14 residues from the NH 2 -terminus of core 2 (3). In our electron density maps, density starts at residue 36 for core 1 and at residue 33 for core 2. Core 1 and core 2 have 21% sequence identity, and their three-dimensional structures are remarkably similar (Fig. 5A) . A rotation around an approximate twofold symmetry axis superimposes 384 ␣-carbon atoms from each subunit with a root mean square deviation (rmsd) of 1.7 Å.
Each of the core subunits consists of two structural domains of about equal size and almost identical folding topology, which are 
www.sciencemag.org ⅐ SCIENCE ⅐ VOL. 277 ⅐ 4 JULY 1997 also related by approximate twofold rotation symmetry (Fig. 5, B and C) . Both domains are folded into one mixed ␤ sheet of six or five ␤ strands, flanked by three ␣ helices on one side and one ␣ helix from the other domain on the other side. Rotation of the COOH-terminal domain on the NH 2 -terminal domain superimposes 134 ␣ carbons from each domain of core 1 with an rmsd of 2.0 Å, and 124 ␣ carbons from each domain of core 2 with an rmsd of 2.1 Å. Only about 10% of the superimposed residues are chemically identical. Searches with the program DALI (31) did not identify known protein structures closely related to the core subunit domains.
The overall shape of each core protein resembles a bowl (Fig. 5B) . In the assembled bc 1 complex, the NH 2 -terminal domain of core 1 is interacting with the COOH-terminal domain of core 2, and vice versa (Fig. 5A) . Core 1 and core 2 enclose a big cavity that was also observed by electron microscopy (16) . Because the two internal approximate twofold rotation axes of core 1 and core 2 differ in direction by 14.5°, the two bowls representing these proteins come together in the form of a ball with a crack leading to the internal cavity. The crack is filled with peptide fragments of as yet unknown identity. The amino acid residues lining the wall of the cavity are mostly hydrophilic.
The core proteins of mammalian bc 1 complexes are homologous to the subunits of the general mitochondrial matrix processing peptidase (MPP), which cleaves signal peptides of nucleus-encoded proteins after import into the mitochondrion. MPP belongs to a family of metalloendoproteases whose members include insulin-degrading enzymes from mammals and protease III from bacteria (32) . Mammalian MPP is a soluble heterodimer of ␣ and ␤ subunits localized in the mitochondrial matrix. Both subunits of MPP are required for the protease activity (33) , and the active site is part of the ␤ subunit. The core 1 protein of the bovine bc 1 complex has 56% sequence identity to the ␤ subunit of rat MPP, 38% to yeast, and 42% to potato, whereas the core 2 protein is 27% identical to the ␣ subunit of rat MPP, 28% to yeast, and 30% to potato. We can therefore expect that the MPPs of these species are similar in structure to the bovine core 1 and core 2 subunits. In plant mitochondria, the MPP activity is membrane-bound and is an integral part of the bc 1 complex (34) .
